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The Structure of the Evolved Circumbinary Disk around V4046 Sgr
Katherine A. Rosenfeld1, Sean M. Andrews1, David J. Wilner1, J. H. Kastner2, & M. K. McClure3
ABSTRACT
We present sensitive, sub-arcsecond resolution Submillimeter Array observations of
the protoplanetary disk around the nearby, pre-main sequence spectroscopic binary
V4046 Sgr. We report for the first time a large inner hole (r = 29AU) spatially re-
solved in the 1.3mm continuum emission and study the structure of this disk using
radiative transfer calculations to model the spectral energy distribution (SED), con-
tinuum visibilities, and spectral line emission of CO and its main isotopologues. Our
modeling scheme demonstrates that the majority of the dust mass is distributed in
a narrow ring (centered at 37AU with a FWHM of 16AU) that is ∼5× more com-
pact than the gas disk. This structure implies that the dust-to-gas mass ratio has a
strong spatial variation, ranging from a value much larger than typical of the interstellar
medium (ISM) at the ring to much smaller than that of the ISM at larger disk radii.
We suggest that these basic structural features are potentially observational signatures
of the accumulation of solids at a local gas pressure maximum. These models also re-
quire a substantial population of ∼µm-sized grains inside the central disk cavity. We
suggest that this structure is likely the result of dynamical interactions with a low-mass
companion, although photoevaporation may also play a secondary role.
Subject headings: circumstellar matter — protoplanetary disks — planet-disk interac-
tions — submillimeter: planetary systems — stars: individual (V4046 Sgr)
1. Introduction
In the past few years, high angular resolution millimeter/radio-wave observations have facili-
tated rapid development in our understanding of some fundamental aspects of protoplanetary disk
evolution. For example, there is mounting evidence for substantial discrepancies between the spatial
distributions of mm-sized dust particles and molecular gas in protoplanetary disks, possibly caused
by a dramatic decrease in the dust-to-gas ratio at large radii (e.g., Panic´ et al. 2009; Andrews et al.
2012). Coupling those results with new analyses that identify a systematic decrease in dust particle
sizes in the outer disk (Guilloteau et al. 2011; Pe´rez et al. 2012), there seems to be good progress
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toward the promise of empirical constraints on the key processes tied to the growth and migration
of disk solids. Meanwhile, there has been marked improvement in the characterization of another
key factor in disk evolution: dynamical interactions with companions. Harris et al. (2012) provided
a sweeping quantitative confirmation of the seminal work by Jensen et al. (1996), demonstrating
that tidal interactions in multiple star systems are a prominent issue for disk survival, especially for
separations in the ∼3-30AU range. And Andrews et al. (2011a) (among others) have speculated
that the ring-like millimeter-wave dust continuum emission morphologies noted for the so-called
“transition” disks are most likely created by an analogous dynamical interaction process, though
in this case the perturbers may be embedded planetary companions.
For the time being, most of these data-driven studies of disk evolution are somewhat piecemeal
in terms of both diagnostics and target samples, due to practical observational limitations. While
that should soon change dramatically with the completion of the Atacama Large Millimeter Array
(ALMA) facility, it is important to recognize that some individual targets will always serve as
particularly illuminating case studies for different aspects of disk evolution. Here, we focus on
the disk around V4046 Sgr, a remarkable system with observable characteristics that are likely
simultaneously shaped by all of the fundamental processes involved in disk evolution.
V4046 Sgr is a double-lined spectroscopic binary with a 2.4-day orbital period (Byrne 1986;
de la Reza et al. 1986; Quast et al. 2000; Stempels & Gahm 2004). Radial velocity monitoring in-
dicates a nearly equal-mass pair of K-type stars on a close (a ≈ 0.045AU), circular (e ≤ 0.001) orbit
(Stempels 2013). Kastner et al. (2011) suggested that GSC 07396−00759 could be an additional
distant (∼2.′8) companion, which itself might be an unresolved close binary (see also Nataf et al.
2010). Two independent, dynamical methods to estimate the V4046 Sgr stellar masses are in agree-
ment, withM∗,1 = 0.90±0.05 andM∗,2 = 0.85±0.04M⊙ for the primary and secondary, respectively
(Rosenfeld et al. 2012; Stempels 2013). Coupling these dynamical mass measurements to the in-
ferred temperatures and luminosities, pre-main sequence evolution models suggest that V4046 Sgr
has an age of ∼10-20Myr (Rodriguez et al. 2010; Donati et al. 2011; Rosenfeld et al. 2012). Those
ages are consistent with the conjecture of Torres et al. (2006, 2008) that V4046 Sgr is a member of
the β Pic moving group, with a kinematic parallax distance of only 73 pc from the Sun. Evidence
for a disk around the V4046 Sgr binary first came from emission line accretion signatures (Hα
equivalent widths of ∼30-120A˚; Merrill & Burwell 1950; Henize 1976; Herbig & Bell 1988) and an
infrared continuum excess in the IRAS bands (e.g., Johnson 1986; Weintraub 1990; Weaver & Jones
1992). Strong (sub)millimeter emission was detected by Jensen et al. (1996), suggesting a relatively
large disk mass. Jensen & Mathieu (1997) modeled the infrared SED and concluded that it was
consistent with an extended circumbinary disk truncated at an inner edge radius of ∼0.2AU, as
would be expected from dynamical interactions with the central binary (e.g., Artymowicz & Lubow
1994). Later, Kastner et al. (2008) discovered a substantial reservoir of molecular gas in the disk or-
biting V4046 Sgr, which was subsequently imaged and found to span ∼800AU in diameter (roughly
10′′ on the sky; Rodriguez et al. 2010; O¨berg et al. 2011; Rosenfeld et al. 2012). Fitting an ellip-
tical Gaussian to their 230GHz continuum visibilities, Rodriguez et al. (2010) suggested that the
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mm-wave dust emission is concentrated inside a ∼40AU radius.
Taken together, these properties make the V4046 Sgr system a significant benchmark for studies
of protoplanetary disk evolution for three key reasons. First, the advanced age of the disk suggests
that evolutionary effects have had more time to progress, and therefore should exhibit more obvious
observational signatures than for a typical ∼1Myr-old disk. Evolutionary mechanisms like particle
growth and migration (e.g., Birnstiel et al. 2012a), giant planet formation (e.g., Pollack et al. 1996;
Hubickyj et al. 2005), and gas dissipation via photoevaporative winds (e.g., Clarke et al. 2001;
Alexander & Armitage 2009) should all be relevant in shaping disk properties at the V4046 Sgr
age. For reference, such disks are rare: V4046 Sgr harbors the only gas-rich disk in the β Pic
moving group, and is one of a handful of gas-rich disks known to be associated with T Tauri stars
in local young stellar groups (the others orbit TW Hya, MP Mus, and T Cha; Kastner et al. 1997,
2010; Sacco et al. 2013). Second, the proximity of V4046 Sgr is a substantial practical advantage
in measuring key evolutionary diagnostics: the same observations would be 4× more sensitive and
probe 2× smaller spatial scales for V4046 Sgr compared to disks around younger T Tauri stars that
are associated with the nearest star-forming clouds (at distances ∼ 140 pc). And third, from the
perspective of a stellar host, V4046 Sgr introduces some interesting environmental issues that could
influence the evolution of its disk. Aside from dynamical clearing due to its stellar multiplicity, the
binary at the center of the V4046 Sgr disk makes for an unusual dichotomy. The combined mass of
the two central stars means that dynamical timescales in the disk are relatively short. However, the
irradiation environment is not much different than for a single star, so timescales tied to thermal,
energetic, or chemical processes are comparatively unaffected. In essence, the evolutionary behavior
of the V4046 Sgr disk can be described as a hybrid of a typical Herbig Ae disk and T Tauri disk,
depending on the relevant timescale that dominates a given evolution mechanism.
In this article, we present new, sensitive, high angular resolution observations of the 1.3mm
continuum and 12CO/13CO/C18O J=2−1 line emission from the V4046 Sgr circumbinary disk.
Using these data and a suite of radiative transfer tools, we aim to construct a preliminary, repre-
sentative model of the disk structure in an effort to help characterize the observational signatures
of different disk evolution mechanisms. In the following sections, we describe our observations with
the Submillimeter Array (SMA) and the relevant data calibration procedures (§2), present some
basic observational results (§3), develop models for the disk structure (§4), and comment on their
implications for our understanding of disk evolution (§5). A summary is provided in §6.
2. Observations and Data Reduction
We observed V4046 Sgr with the Submillimeter Array (SMA; Ho et al. 2004) on Mauna Kea,
Hawaii on four occasions in 2009 and 2011. These observations and their calibration were already
described by Rodriguez et al. (2010) and Rosenfeld et al. (2012), but a brief summary of the key
points is provided here for completeness. In these observations, the individual 6-m array elements
were arranged in each of the four available SMA configurations, spanning baseline lengths from 8
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to 509m. The dual-sideband receiver backends and SMA correlator were configured with a local
oscillator (LO) frequency of 225.360 GHz (1.33mm) and a ∼2GHz-wide intermediate frequency
(IF) band ±4-6GHz from the LO: in 2011, a second IF band was included ±6-8GHz from the
LO. Each sideband/IF band combination was composed of 24 spectral chunks of 104MHz width
(although typically only the central 82MHz are used). In the first IF band, three chunks (in each
sideband) were split into 512 spectral channels, to sample the CO isotopologue emission at 200 kHz
(∼0.25 km s−1) resolution. All other chunks were coarsely split into 32 channels (3.25MHz each) to
observe the continuum. Observations of V4046 Sgr were interleaved with visits to J1924-292 (∼15◦
away) on a 5-15minute cycle, as well as J1733-130 (22◦ away) on a ∼45minute cycle. Additional
observations of 3C 454.3 and available planets/satellites (Neptune, Ceres, Callisto) were conducted
for calibration purposes. A summary of relevant observational parameters is provided in Table 1.
The visibility data in each IF band and from each SMA observation were calibrated inde-
pendently using the MIR package, as described by Rosenfeld et al. (2012). After confirming their
consistency over all IF/sideband combinations and on overlapping baseline lengths, the continuum
data were spectrally averaged. Spectral visibilities that cover each CO isotopologue transition were
continuum-subtracted and combined. The overall data quality is exceptional for the SMA and
the low declination of V4046 Sgr, due primarily to the excellent observing conditions (precipitable
water vapor levels were only ∼1mm throughout all of the observations). Synthesis images were
made using the CLEAN deconvolution algorithm in the MIRIAD software package for each emission
tracer. For the 1.3mm continuum, we emphasized the emission on smaller spatial scales with a
Briggs robust (-1) weighting scheme, resulting in a map with a 0.′′74 × 0.′′38 synthesized beam (at
P.A. = 14◦) and an RMS noise level of 1.0mJy beam−1. Channel maps of the 12CO line emission
were generated with natural weighting to produce a 1.′′1 × 0.′′9 beam with an RMS noise level of
40mJy beam−1 in 25 binned 0.4 km s−1 velocity channels, centered on the systemic LSR velocity,
+2.87 km s−1 (Rodriguez et al. 2010). Analogous channel maps of the CO isotopologue lines were
made by employing a 0.′′5 Gaussian taper, producing a slightly larger synthesized beam (1.′′5× 1.′′2)
and a similar RMS noise level (∼35mJy beam−1).
3. Results
A summarized representation of the SMA observations of V4046 Sgr is provided in Figure 1.
The synthesized map of 1.3mm dust continuum emission is shown in Figure 1(a), with contours
starting at 5mJy beam−1 (5σ) and increasing at 10mJy beam−1 (10σ) intervals. The integrated
flux density recovered in this map is 283±28mJy (dominated by a 10% systematic calibration uncer-
tainty), consistent with a reasonable extrapolation from single-dish submillimeter photometry mea-
surements (Jensen et al. 1996). We find the mm-wave emission is concentrated in a bright, narrow
ring centered at the mean stellar position (α = 18h16m10.s49, −32◦47′34.′′50, J2000; Zacharias et al.
2010), with a double-peaked morphology due to limb brightening at the projected ring ansae (see
Andrews et al. 2011a). The apparent rotation between the semi-major axis of the disk and the line
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joining the two ansae is mostly an artifact of the uv sampling and is reproduced in our models
(see §4.2.3). These emission peaks are separated by 0.′′75 (∼55AU) and have peak intensities of
50 ± 5mJy beam−1 (dominated by a 10% calibration uncertainty; S/N ≈ 50). The western peak
appears slightly brighter (∼5mJy beam−1) than its eastern counterpart, but a proper evaluation
of the significance of this discrepancy requires a more detailed analysis (see §5). The emission ring
itself is at best only marginally resolved, implying a width smaller than the 0.′′4 (∼30AU) minor
axis of the synthesized beam. Figure 1(b) shows the azimuthally-averaged profile of the real and
imaginary continuum visibilities as a function of deprojected baseline length, constructed assuming
the disk viewing geometry derived by Rosenfeld et al. (2012) (i = 33.◦5, PA= 76◦). The visibility
amplitudes exhibit the distinctive oscillation pattern that is characteristic of an emission ring, with
nulls at ∼150 and 350 kλ. The zero-spacing amplitude is estimated to be ∼315mJy, suggesting
that roughly 10% of the total flux density from the disk was filtered out of the synthesized map in
Figure 1(a): presumably that emission is distributed on larger scales with low surface brightness.
These SMA continuum measurements demonstrate that the V4046 Sgr binary joins the growing
ranks of stars that host massive protoplanetary “transition” disks (e.g., Andrews et al. 2011a),
with a central cavity of radius ∼29AU (see §4.2.3) that is substantially depleted of mm-sized
dust particles. This classification is commensurate with the SED for V4046 Sgr, shown in Figure
1(c) and constructed from photometry in the literature (Hutchinson et al. 1990; Weaver & Jones
1992; Jensen et al. 1996; Jensen & Mathieu 1997; Rodriguez et al. 2010; O¨berg et al. 2011), the
2MASS (Skrutskie et al. 2006) and IRAS (Beichman et al. 1988) point source catalogs, and an
archival Spitzer IRS spectrum. The SED features the standard signature of a transition disk, with
a distinctive “dip” in the continuum near 10µm suggesting that small, warm dust is preferentially
depleted (although not absent; see §4.2.1) near the central binary. An accurate determination of
the size of this putative cavity from the SED alone is not trivial (e.g., Calvet et al. 2002), although
the very weak excess in the near-infrared makes it clear that the dust optical depths must be
significantly diminished within at least a few AU of the central stars. Note that the observed dip
in the continuum covers a much wider wavelength range than was inferred by Jensen & Mathieu
(1997). Simulations of interactions between a stellar binary and its circumbinary disk suggest that
the disk material should be inwardly truncated at a radius ∼2-5× the binary separation (e.g.,
Artymowicz & Lubow 1994): for V4046 Sgr, the disk truncation should occur at ∼0.2AU, much
smaller than the continuum data suggest. Therefore, the observed dust cavity is not related to
interactions with the central binary.
The gas phase of the V4046 Sgr disk traced by CO isotopologue emission lines is represented
in Figures 1(d)-(f). The 12CO and 13CO J=2−1 emission are displayed as moment maps in Fig-
ures 1(d) and (e). The velocity-integrated intensities (0th moment) are shown as contours at 3σ
intervals, starting at 2σ (RMS noise levels are 0.08 Jy beam−1 km s−1 for 12CO, 0.05 Jy beam−1
km s−1 for 13CO), overlaid on the intensity-weighted velocities (1st moment), with colors marking
the velocity shift relative to line center. These maps exhibit the standard pattern of rotation, more
clearly manifested in the individual channel maps shown together in Figure 2. Line emission is
– 6 –
Fig. 1.— An observational summary of the V4046 Sgr disk. (a) An image of the 1.3mm dust
continuum emission, with contours drawn at 10mJy beam−1 (10σ) intervals, starting at 5mJy
beam−1. The synthesized beam is shown in the lower left corner. (b) The azimuthally averaged
real (black) and imaginary (gray) components of the 1.3mm continuum visibilities as a function of
deprojected baseline length. (c) The broadband SED, with a composite photosphere model for the
two stars marked as a thin gray curve (see Rosenfeld et al. 2012). The thick gray curve shows the
Spitzer IRS spectrum. (d) The velocity-integrated intensities (0th moment; contours) overlaid on
the intensity-weighted velocities (1st moment; colors) for the 12CO J=2−1 line emission. Intensity
contours start at 0.16 Jy beam−1 km s−1 and increase in 0.24 Jy beam−1 km s−1 steps, and the
color scale spans an LSR velocity width of ±3 km s−1 from the systemic value. (e) The same as (d),
but for the 13CO J=2−1 line emission. Intensity contours are drawn at 0.15 Jy beam−1 km s−1
intervals, starting at 0.10 Jy beam−1 km s−1. (f) The integrated line profiles of the 12CO (black),
13CO (red), and C18O J = 2− 1 (blue; not detected) emission inside square regions 12′′ on a side.
firmly detected (>3σ, or 0.12 Jy beam−1 in each 0.4 km s−1 channel) out to ±4.4 or ±4.0 km s−1
from the line center for 12CO and 13CO, respectively. Given the V4046 Sgr stellar mass and disk
inclination angle (i = 33.◦5, PA= 76◦with an ambiguity in the absolute orientation; Rosenfeld et al.
2012), those maximal projected velocities correspond to disk radii of ∼25-30AU, which is similar to
the size of the dust cavity. Therefore, these data do not have sufficient sensitivity in the line wings
to rule whether or not there is CO inside the dust cavity. The integrated line intensities derived
from the 0th moment maps are 34.5 ± 3.5 Jy km s−1 for 12CO and 9.4 ± 0.9 Jy km s−1 for 13CO.
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Fig. 2.— Naturally weighted channel maps of the 12CO J = 2− 1 (left) and 13CO J = 2− 1 (right)
emission towards the V4046 Sgr disk. Channels are 0.4 km s−1 wide with the synthesized beam
marked in the bottom left corner. Contour levels are drawn at intervals of 0.12 Jy beam−1 (3σ).
The peak intensities in the channel maps are 0.95± 0.10 Jy beam−1 (22± 2K; peak S/N ∼20) and
0.47 ± 0.08 Jy beam−1 (6.5 ± 0.8K; peak S/N ∼11), respectively. The C18O emission is faint, and
at best only marginally detected. We estimate an integrated intensity of ∼0.6 Jy km s−1 from a 0th
moment map, but suggest that this number be treated with caution: there is no firm detection in
individual channel maps. For reference, spatially integrated spectra for the CO isotopologue lines
are shown together in Figure 1(f).
One of the notable features of Figure 1 is the disparity in the apparent spatial extents of the
CO line and dust continuum emission. The optically thick 12CO line emission spans a diameter
of 10′′ on the sky, corresponding to a projected disk radius of ∼365AU. Comparing Figures 1(a)
and (d), we find the dust ring extent is roughly 5× smaller. The fainter, optically thinner 13CO
emission still subtends ∼8′′ on the sky, ∼4× larger than the 1.3mm continuum.
4. Modeling Analysis
Having highlighted the basic observational characteristics of the gas and dust tracers in the
V4046 Sgr circumbinary disk, we now move to a more quantitative effort to explore what the
data can tell us about the disk structure. We concentrate our analysis on extracting a model for
the radial distributions of gas and dust based on the observational results described in §3. To
do that, we first describe a flexible modeling framework for constructing disk structures given an
arbitrary surface density profile and dust-to-gas ratio (§4.1), generalized from a similar analysis of
the TW Hya disk (Andrews et al. 2012). Using this formalism, we then consider in turn the SED
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and the resolved 1.3mm continuum observations and present model disk structures that optimally
account for these data (§4.2.1 and 4.2.2) under the assumption of a constant dust-to-gas ratio.
After weighing the successes and failures of these two models, we relax the latter assumption and
construct a model (§4.2.3) that is more consistent with all of the data: the broadband SED, the
resolved dust continuum emission, and the resolved line emission from two CO isotopologues. The
ultimate success of this latter model provides some insights on the shortcomings of our typical
assumptions when analyzing disk structures, which are discussed further in §5.
4.1. Physical and Practical Overview
Here we describe a generic prescription for constructing a parametric model of the two-
dimensional density and temperature structure of both dust and gas in a protoplanetary disk,
which builds on the previous work by Andrews et al. (2009, 2010, 2011a, 2012). We assume an
axisymmetric, two-dimensional model in a cylindrical reference frame with coordinates (r, z).
Since dust grains dominate the opacity in a disk, we construct a model starting with the
distribution of its constituent solids. In a general case with different dust populations, the density
distribution is simply defined as the discrete sum ρdust(r, z) =
∑
j ρj(r, z), where
ρj(r, z) =
Σj(r)√
2piHj(r)
exp
[
−1
2
(
z
Hj(r)
)2]
. (1)
In Eq. (1), Σj(r) is the surface density profile and Hj(r) is the scale height profile for each dust
population (labeled by index j). To keep the problem tractable, we consider only two dust popu-
lations in this study: a “midplane” population that dominates the disk mass and is composed of
larger grains that are vertically settled, and a less-abundant “atmosphere” population of smaller
grains that is distributed to larger heights from the midplane. We define parametric scale height
profiles
Hatm(r) = H0 (r/r0)
ψ (2)
Hmid(r) = χ Hatm(r), (3)
where H0 is the scale height at r = r0, ψ is the flaring index, and χ is a scaling factor (in the range
0 to 1) that mimics dust settling: we assign a fixed χ = 1/2 for simplicity. The absorption and
scattering opacities for each dust population were computed with a Mie code, assuming segregated
spherical particles with the Pollack et al. (1994) mineralogical composition and optical constants
and a size distribution n(a) ∝ a−3.5 between 5 nm and a maximum size (here a is the grain radius).
In this specific case, we fix amax(atm) = 10µm and amax(mid) = 1 cm, which reproduces the shape
of the (sub)mm-wavelength SED well (see models described in §4.2.1, 4.2.2, and 4.2.3).
For any functional form for the surface densities, Σj(r), the two-dimensional distribution
of dust densities (and optical depths, accounting for the grain properties) can be specified with
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the above prescription. Given ρdust(r, z), we calculate the corresponding temperature structure,
Tdust(r, z), using the Monte Carlo radiative transfer code RADMC-3D
1, assuming an incident radia-
tion field from the central binary. For the latter, we use a composite spectrum of two Lejeune et al.
(1997) model photospheres with {Teff,1 = 4350K, L∗,1 = 0.35 L⊙, M∗,1 = 0.90M⊙} and {Teff,2 =
4060K, L∗,2 = 0.25 L⊙, M∗,2 = 0.85M⊙} (for details, see Rosenfeld et al. 2012).
To construct a corresponding gas disk structure, we define a vertically integrated dust-to-
gas mass ratio ζ that may vary spatially, such that Σgas(r) = Σdust(r)/ζ(r), where Σdust(r) =∑
j Σj(r). The two-dimensional density structure of the gas, ρgas(r, z), is determined by numerically
integrating the differential equation that describes vertical hydrostatic equilibrium for a given gas
temperature distribution, Tgas(r, z) (see Andrews et al. 2012, their Eq. 5). At the midplane (z = 0),
the gas and dust are assumed to be thermally coupled: Tgas(r, z = 0) = Tm = Tdust(r, z = 0). At
larger vertical heights, the gas temperatures are permitted to deviate from the dust temperatures.
To facilitate those departures, we adopt the parameterization introduced by Dartois et al. (2003),
Tgas(r, z) =

 Ta + (Tm − Ta)
[
cos piz
2zq
]2δ
if z < zq
Ta if z ≥ zq
, (4)
where Ta = Ta,0(r/r0)
−q is a parametric temperature profile for the gas in the disk atmosphere,
which is explicitly defined here as heights larger than a fiducial value, zq. We fix zq = 2Hgas =
2cs/Ω, where Hgas is the hydrostatic gas scale height evaluated at the midplane temperature (Tm),
defined as the ratio of the sound speed (cs) to the Keplerian angular velocity (Ω). The index
parameter δ determines the shape of the vertical temperature gradient of the gas, and is fixed here
to δ = 2, following Dartois et al. (2003). Finally, to insure a physically realistic model, we impose
the additional criterion that the gas cannot be colder than the dust: if Tgas(r, z) calculated using
Eq. (4) is less than Tdust(r, z) computed from the radiative transfer simulation, we set Tgas = Tdust.
In practice, this formulation provides a straightforward means of permitting extra gas heating
relatively near the star, while (if desired) maintaining thermal coupling between the gas and dust
at all heights at large disk radii (r & 100AU; see §4.2). For the kinematic structure of the disk,
we assume the gas is in Keplerian rotation around the central stars, vθ
2 = GM∗/r, and that the
emission line profile widths are determined from the quadrature sum of a thermal and turbulent
broadening term, with a fixed and constant value for the latter of ξ = 0.1 km s−1.
Having defined the gas disk structure, we need to assign an abundance distribution for the
tracer molecule, CO. Following Aikawa & Herbst (1999), we assume that 80% of the gas is composed
of H2 and then assume a constant fractional abundance fco = n(
12CO)/n(H2) such that
n(12CO) = 0.8fco
ρgas(r, z)
µmH
(5)
in the region of the disk we term the “abundant layer”. In Eq. (5), µ is the mean molecular weight
of the gas (µ = 2.37) and mH is the mass of a hydrogen atom. The abundant layer is defined based
1http://www.ita.uni-heidelberg.de/$\sim$dullemond/software/radmc-3d/
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on the treatment of Qi et al. (2008, 2011), which assumes CO is present in the gas phase if: (1)
the local gas temperatures are high enough that the CO is not frozen onto the dust grains, and (2)
the vertically-integrated column density is higher than the penetration depth of photodissociating
radiation. At each radius, Eq. (5) is used to compute the CO densities if
Tfrz ≤ Tgas(r, z) (6)
σs ≤ fH
∫
∞
z
ngas(r, z
′) dz′ (7)
are valid: here, Tfrz is the CO freezeout temperature, σs is the photodissociation column, and fH
is the fraction of H nuclei in the gas. Guided by Aikawa & Herbst (1999) and Qi et al. (2011), we
assume fH = 0.706 and fix Tfrz = 19K and σs = 5 × 1020 cm−2. At locations where Eqs. (6) and
(7) are not met, we sharply (and arbitrarily) reduce the 12CO abundance by scaling fco down by a
factor of 108. The CO isotopologue abundances are assumed to follow 12CO with the interstellar
medium ratios inferred by Wilson (1999): n(12CO)/n(13CO) = 69 and n(12CO)/n(C18O) = 557.
The formalism described above and encapsulated in Eqs. (1)-(7) fully defines the dust and
gas structure of a model disk. In practice, the dust structure depends on some description of the
surface density profiles for each dust species, Σj(r), and their corresponding vertical height profiles,
Hj(r): here, the latter is fully specified with two parameters, {H0, ψ}. Likewise, the gas structure
is determined by a dust-to-gas mass ratio profile ζ(r), and three additional free parameters: {Ta,0,
q} to define the atmosphere temperature profile and {fco} to assign the CO molecular abundance.
For a given model, we generate synthetic data products to compare with the observations and
evaluate our parameter choices and the underlying model characterization. For the dust, we use
the ray-tracing capability of RADMC-3D to produce a synthetic SED and set of 1.3mm continuum
visibilities sampled at the same spatial frequencies as observed by the SMA. For the gas, we use the
molecular excitation and line radiation transfer code LIME (Brinch & Hogerheijde 2010) to calculate
the non-local thermodynamic equilibrium level populations based on information from the LAMDA
database (Scho¨ier et al. 2005) and then calculate synthetic spectral visibilities for each of the CO
isotopologues in the velocity channels and spatial frequencies sampled by the SMA. In all models,
we assume the disk inclination (i = 33.◦5), major axis position angle (PA = 76◦), total stellar mass
(M∗ = 1.75M⊙), and disk center position derived by Rosenfeld et al. (2012), as well as the distance
(d = 73 pc) inferred by Torres et al. (2006, 2008).
4.2. Model Results
The modeling framework we have constructed is relatively complex, with some fairly severe pa-
rameter degeneracies (for a more detailed discussion, see Andrews et al. 2009, 2011a, 2012; Qi et al.
2011). Moreover, the computational effort required for the radiative transfer and non-LTE exci-
tation calculations remains costly, severely limiting our capability to use either stochastic or de-
terministic optimization algorithms to robustly probe the parameter-space. In practice, we build
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structure models manually, using small explorations of each parameter to reproduce the key obser-
vational features of interest. This means that the models presented below are not quantitatively
optimized, nor unique. However, they are still of great interest since they serve as qualitative illus-
trations of key features in the V4046 Sgr disk structure that are not otherwise easily accessible. In
the following sections (§4.2.1 and 4.2.2), we aim to provide a pedagogical guide to the logic behind
the more complex disk structure we ultimately will advocate for the V4046 Sgr disk (§4.2.3).
4.2.1. Model to Reproduce the SED
As a starting point, we focus on building a structure model that is designed to reproduce the
broadband SED of V4046 Sgr, with some input from the CO observations to guide our description
of the gas disk structure. Following the modeling prescription for transition disks described by
Andrews et al. (2011a), we adopt a truncated version of the Lynden-Bell & Pringle (1974) similarity
solution for a thin, Keplerian accretion disk with a time-independent, power-law viscosity profile
to describe the surface densities of the dust (see also Hartmann et al. 1998),
Σdust(r) =

 Σss(r) = Σc
(
r
rc
)−γ
exp
[
−
(
r
rc
)2−γ]
if r ≥ rcav
Σcav if rin ≤ r < rcav
, (8)
where rc is a characteristic radius, γ is an index parameter, Σc = e · Σdust(rc), rcav is a “cavity”
radius, Σcav is a constant, and rin is the inner edge of the model. Both grain populations were
forced to follow the behavior in Eq. (8): outside the disk cavity, 90% of the mass was apportioned
to the midplane grains (Σmid = 0.9Σdust, Σatm = 0.1Σdust, for r ≥ rcav), but the tenuous material
inside the cavity was assumed to be all atmosphere grains (Σmid = 0, Σatm = Σcav, for r < rcav).
Since the SED is composed of unresolved photometric measurements, it has no ability to constrain
the gradient γ. Therefore, we fixed γ = 1, a typical value for disks (Andrews et al. 2009, 2010). The
inner radius of the model was set to rin = 0.2AU, the outer edge of the zone expected to be cleared
by dynamical interactions with the central binary (Artymowicz & Lubow 1994). For the gas phase,
we assumed a standard, spatially uniform dust-to-gas ratio, ζ(r) = ζ = 0.01 (Pollack et al. 1994;
D’Alessio et al. 2001).
After some iteration between dust and gas structures, we identified a model that can reproduce
well both the broadband SED and SMA observations of CO line emission: the results are highlighted
in Figure 3. Using the morphology of the continuum “dip” in the infrared SED, we inferred a cavity
radius rcav = 3AU, roughly 15× larger than could be explained by tidal stripping from the V4046
Sgr binary. As with most other transition disks, this cavity is not empty: the weak infrared excess
(and weak silicate emission feature) noted in Fig. 3b is accommodated with Σcav ≈ 10−4 g cm−2.
In the mid-infrared, the excess spectrum was fit with a scale height of H0 = 0.4AU at r0 = 10AU
and a flaring index ψ = 1.25 (although the latter is not well-determined in transition disks; see
Andrews et al. 2011a). The total mass of the dust structure (the integral of Eq. 8 over the disk
area) was Mdust ≈ 9 × 10−4M⊙, determined from the luminosity of the millimeter-wave SED.
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Fig. 3.— Results for the modeling effort focused on the SED (§4.2.1). (a) Surface density profiles for
the gas (dashed), the large “midplane” (green) and small “atmosphere” (blue) grain populations. (b)
The SED (black points and solid gray curve) compared with the model (red). The stellar photosphere
model is shown as a dashed gray curve. (c) The deprojected, azimuthally-averaged (real) 1.3mm
continuum visibility profile, with model overlaid (in red); gray points mark the residuals. (d) The
observed, simulated, and residual 1.3mm emission synthesized maps. Contours are drawn at 5mJy
beam−1 (5σ) intervals. Note the smaller map size compared to Figure 1. (e) A comparison of the
observed and simulated 12CO moment maps. (f) The same as panel (e), but for the 13CO line.
Contour levels and map sizes for panels (e) and (f) are the same as in Figure 1.
The characteristic size of the disk was estimated to be rc = 75AU, based on the extent of the
12CO emission. Those data were described well with a CO abundance fco = 3× 10−6 and a steep
atmospheric temperature profile with T0 = 200K (at r0 = 10AU) and q = 0.8. In practice, this
Ta(r) profile means the gas and dust are thermally coupled for r & 150AU, but there is some
– 13 –
source of additional gas heating in the disk atmosphere at smaller radii. One possible source for
that heating is the strong X-ray emission from the central binary (see §5).
Although by design this model provides a good match to the SED and CO emission, it should be
obvious from Figure 3 that it is irreconcilable with the resolved 1.3mm continuum data. However,
these failures are instructive in refining the model. The residuals in Figures 3(c)-(d) point out two
key issues. First, the cavity size derived from the SED alone substantially under-estimates the
size that can be directly measured from the resolved 1.3mm data. In §3, we estimated a cavity
radius of ∼29AU (and will quantify that further below), ∼10× larger than derived here. This kind
of discrepancy is not uncommon for transition disks (e.g., DM Tau; Andrews et al. 2011a): any
inference of a size scale from unresolved observations is inherently uncertain and may be a signature
of how the dynamics of grains depends upon their size (see §5). Second, the spatial extent of this
model is much larger than the 1.3mm continuum distribution. This latter point is manifested in
the poor match to the visibility profile in Figure 3(c) on large spatial scales (short baselines), where
the model is clearly more resolved than the data permit (the negative residuals outside the emission
ring in Figure 3(d) represent the same aspect of this model failure). Since rc was determined from
the CO data, this discrepancy is not surprising: we already highlighted in §3 how the CO emission
is much more extended than the dust emission (see Fig. 1).
4.2.2. Model to Reproduce the Resolved 1.3mm Continuum Emission
Informed by the failures of the previous model, we shift the focus here to building a model that
is more consistent with the resolved morphology of the 1.3mm dust emission. Two prescriptions
for the surface density profile are presented, both of which can reproduce the size and shape of the
mm-wave emission. Considering the visibility profile (Fig. 1a), the former is constrained by the
short baselines (R . 150 kλ) and the latter is dictated by the position of the null and deep trough at
higher spatial frequencies. The results shown in Figure 4 are for the same relative ratios of midplane
and atmosphere grains and model parameterization defined in §4.2.2, but with the the cavity size,
rcav, enlarged to 21AU (i.e., adjusted without regard to the infrared SED). In addition, this model
has γ = −1.5, rc = 45AU, ψ = 1.5, H0 = 0.45AU at r0 = 10AU, and 0.0011M⊙ of dust. Note that
a negative γ implies a density profile that rises with radius out to rc, but then is sharply truncated.
In essence, it naturally produces a relatively narrow “ring” of material (Isella et al. 2009), making it
a practical means of describing the resolved morphologies of transition disks (e.g., Isella et al. 2010,
2012; Andrews et al. 2011b; Brown et al. 2012). We also consider an alternative parameterization
of the surface density profile where the viscous disk similarity solution, Σdust(r) = Σss(r) (see
Eq. 8), is valid for all r. Figure 5 summarizes this second model which features a large, negative
γ = −3.5 with rc = 48AU, ψ = 1.5, H0 = 0.4AU at r0 = 10AU and 0.0010M⊙ of dust.
Although both of these models reproduces well the morphology of the 1.3mm emission ring
(Figs. 4,5c,d), they each fail to account for the observations of the V4046 Sgr disk in three similar,
illuminating ways. We also experimented with alternative prescriptions for the surface densities
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Fig. 4.— Results for the modeling effort focused on the resolved 1.3mm dust continuum emission
(first model described in §4.2.2). See Figure 3 for a description of the contents of individual panels.
(e.g., a power-law with an outer edge cut-off), and found qualitatively similar results. First, they
produce too deep and wide of a “dip” in the infrared SED in Figures 4,5(b), because there is not
enough dust interior to the density peak. Note that the mid/far-infrared excess of the models is a
manifestation of this lack of inner disk material: in the absence of an inner disk, a larger surface
area of more distant material in the model ring can be directly illuminated by the central stars,
producing a “bump” in the continuum at ∼50µm. Second, if we assume a standard, uniform dust-
to-gas ratio as before (ζ = 0.01), there is not enough gas outside the density peak in either of these
models to account for the observed spatial extent of the CO emission (Figs. 4,5e,f). For a constant
ζ, this size discrepancy is present regardless of the assumed CO abundance or gas temperature
distribution, although the results in Figures 4 and 5 use the same fco and Ta(r) that were adopted
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Fig. 5.— Results for the modeling effort focused on the resolved 1.3mm dust continuum emission
(second model described in §4.2.2). See Figure 3 for a description of the contents of individual
panels.
in §4.2.1. And third, the models do not quite generate enough 1.3mm dust emission on large angular
scales (deprojected baselines ≤50 kλ; see Figs. 4,5c). The origins of this last discrepancy are indeed
subtle. We are unable to account for all the emission through a simple scaling of the dust mass
because the model ring is already nearly optically thick (this is exacerbated by our assumption of
isotropic scattering off large, spherical grains). Increasing the densities further effectively impedes
the radiation transfer to the midplane, making the dust cooler and actually decreasing the 1.3mm
luminosity. Instead, we interpret this emission mismatch as an intrinsic model deficiency: the
addition of a low-density, spatially-extended dust component could reconcile the model visibilities
with the data. Note that this faint (∼10-15% of the total flux) emission “halo” would be strongly
spatially filtered in the synthesized images, as was found for the SMA observations in §3.
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4.2.3. A Hybrid Model to Reproduce All the Data
The three different models constructed above illustrate the key features of the V4046 Sgr disk
structure. To review those results, we have identified three basic structural elements that are
required in any model prescription that aims to successfully reproduce the observations:
1. The vast majority of the large grain population must be strongly concentrated in a narrow
ring with a large central cavity to explain the 1.3mm continuum visibilities;
2. Inside that cavity, a reservoir of small dust particles (which produce little mm-wave emission)
at radii of a few AU are required to account for the morphology of the infrared SED;
3. A large-scale, extended halo structure is necessary to explain the CO line emission size and
a faint, strongly spatially filtered 1.3mm continuum component, but there appears to be
substantially less mass in the large dust particles relative to the gas outside the concentrated
ring component.
Here, our goal is to combine the successful aspects of the models described above into a hybrid
structure that incorporates these three elements and is commensurate with all of the observations.
We define a surface density profile for the dust that is composed of three individual components,
each corresponding to one of the structural elements enumerated above:
Σdust(r) = Σring(r) + Σin(r) + Σhalo(r). (9)
We elect to use simple Gaussian profiles for the distribution of material in the ring and inner disk
components,
Σ(r) =
Σ0√
2piσ
exp
[
−1
2
(
r − µ
σ
)2]
, (10)
where we define parametric constants that correspond to peak radii {µring, µin}, profile widths
{σring, σin}, and normalizations {Σ0,ring, Σ0,in} for both structure components separately. We
assume that the ring component is composed solely of the large “midplane” grains, and that the
inner component is made up entirely of the small “atmosphere” grains. For the halo component,
we again assume a truncated similarity solution model (as in §4.2.1), but eschew the sharp inner
edge for one with a smoother, Gaussian taper:
Σhalo(r) = Σss(r; {Σc, rc, γ}) exp
[
−
(µring
r
)2]
. (11)
The functional form of Eq. (11) is arbitrary, and was selected entirely for purposes of convenience in
the radiative transfer modeling (tying the exponential turnover scale to the ring component center
makes a joint exploration of the model space less cumbersome). We fix γ = 1 as before and use
a 6:1 mass ratio between the midplane and atmosphere grains. The gas is assumed to follow the
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small grains in both the halo and inner disk components separately – i.e. decoupled from the large
grain population – each with a ratio ζ. We use the halo gas profile as an upper limit on the surface
density of midplane grains in the ring. For radii where the ratio between the two would exceed
unity (e.g. in the space between the two Gaussian distributions), we reduce Σring to equal the gas
surface density from the halo component. Either increasing the gas or reducing the dust density
has no significant effect upon our observables since the subtended region is very narrow and the
densities are already low.
A model constructed with the recipe outlined above is superior to those presented in §4.2.1
and 4.2.2 in terms of reproducing all the relevant observations of the V4046 Sgr transition disk,
as demonstrated in Figure 6. In this case, we assumed that the same dust scale height distribu-
tions used in the previous sections were applicable to all of the structure elements. For the ring
component, we identify its center at µring = 37AU and width σring = 7AU (corresponding to a
FWHM of 16AU, or 0.′′2 projected on the sky; notably smaller than the SMA angular resolution),
and allocate a large total dust mass of 0.004M⊙. The representative size of the central cavity is
estimated to be 29AU by subtracting one half of the FWHM from the ring radius. In the inner
disk, we find µin = 4AU, σin = 1AU, and a total dust mass of 2 × 10−5M⊙. To account for the
faint, extended 1.3mm emission component and the size of the CO emission, a halo component
with a characteristic radius rc = 75AU and total dust mass of ∼10−4M⊙ is sufficient. To produce
sufficient CO line intensities for the same gas temperature and molecular abundance structures
highlighted in §4.2.1, we set ζ = 0.0014 in the outer disk, relative to the halo component only. The
weak C18O emission of this model is consistent with the observations (i.e. a non-detection). In
the inner disk, we have kept ζ = 0.01 fixed as before. The total (gas+dust) mass in this model is
∼0.094M⊙ and the disk-integrated dust-to-gas mass ratio is ∼0.047.
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Fig. 6.— Results for the modeling effort that successfully reproduces all of the data (SED, 1.3mm
continuum visibilities, and CO spectral images). See Figure 3 for descriptions of individual panels.
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5. Discussion
We have presented sensitive, high angular resolution SMA observations of the 1.3mm dust
continuum and spectral lines of three CO isotopes from the V4046 Sgr circumbinary disk. We
have modeled the dust and gas structures and identified three fundamental signatures of profound
evolution in this disk. First, the majority of the large grains are distributed in a narrow ring
centered creating a large central cavity (r ∼ 29AU). Second, there exists a significant population
of µm-sized grains that have not been cleared from the center of this cavity. Third, the gas disk
extends much farther than the compact dust ring, suggesting that this disk has a radial variation
in the dust-to-gas mass ratio.
To explain the striking discrepancy between the size of the gas and dust distributions, we invoke
a model with a strong radial variation in the relative mass ratio of the large, midplane grains and
the gas. The dust-to-gas mass ratio in the model is large at the dust ring (ζ ∼ 0.1 – 1) and small
outside of it (ζ ∼ 10−3). Similar discrepancies between the gas and dust distributions have been
noted for other disks, such as those around IM Lup (Panic´ et al. 2008), TW Hya (Andrews et al.
2012), and LkCa 15 (Isella et al. 2012). While our preferred model does feature an extended, but
tenuous, dusty halo, models where the dust uniformly follows the gas disk either produce too much
continuum or too little CO emission at large radii and clearly disagree with the observations (see
§4.2.1 and §4.2.2). We caution that the model 12CO and 13CO line emission is optically thick and
so the derived dust-to-gas mass ratios are upper limits. Additionally, the dust mass in the model is
sensitive to the dust opacities and so other values of the dust-to-gas mass ratio and total disk mass
are possible. The precise form and normalization of ζ(r) are model dependent, but the observations
seem to suggest that it is a strongly decreasing function.
While the underlying physical cause of the discrepancy between the size of the gas and dust
distributions is not clear, there is a natural explanation in the growth and inward radial drift of dust
particles (Weidenschilling 1980; Brauer et al. 2008; Birnstiel et al. 2010). Drift is a fundamental
feature in the migration of disk solids, generated because the radial pressure gradient in the disk
causes the gas to rotate at slightly sub-Keplerian velocities while the dust particles are on Keplerian
orbits. The resulting headwind creates a drag-force on the dust that relates to the size of the
particle, preferentially moving the large particles towards the central star (Weidenschilling 1977;
Takeuchi & Lin 2002). As these particles drift inwards, their size distribution is continuously
evolving as they encounter higher local densities that are conducive to growth (Birnstiel et al. 2010).
The collective effect is to shrink the radial extent of the dust mass distribution, as the gas disk
continues to viscously spread to larger radii (Birnstiel et al. 2012a). Since these processes operate
on dynamical timescales, this phenomenon should be particularly pronounced for the V4046 Sgr disk
due to the binarity (increasedM∗) and advanced age of its stellar hosts. Resolved observations taken
across the (sub-)millimeter and radio bands may clarify whether the radial grain size distribution
is consistent with this drift and particle growth scenario (Guilloteau et al. 2011; Pe´rez et al. 2012).
In order to reproduce the observed morphology of the mm continuum emission, we required
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a model that has its large dust grain population distributed in a narrow ring. This is suggestive
of a physical mechanism acting to both concentrate the particles radially and prevent them from
moving further into the inner disk. Particle growth alone is insufficient to produce mm-wave cavities
(Birnstiel et al. 2012b), but this kind of ring-like dust concentration is a natural consequence of
particle evolution models that also employ feedback from a large-scale maximum in the radial
pressure gradient of the gas (Pinilla et al. 2012a). The dynamics of the dust particles are strongly
dictated by the surrounding gas and while negative radial pressure gradients induce inward radial
drift, a positive pressure gradient may stop the dust as it streams towards the star. This pressure
maximum forms a “pocket” that collects dust and, if sufficiently broad and high-amplitude, can
significantly alter the observed continuum emission (Pinilla et al. 2012b).
While many physical phenomena may generate these particle traps (e.g. Barge & Sommeria
1995; Klahr & Henning 1997; Alexander & Armitage 2007; Johansen et al. 2009), we focus on an
origin in the density maximum at a gap edge produced by dynamical interactions between a low-
mass companion embedded in the gas disk (Lin & Papaloizou 1979; Goldreich & Tremaine 1980;
Crida et al. 2006). Simulations by Pinilla et al. (2012a) produced a ring of large grains in a broad
surface density bump exterior to the radius of such a gap. Furthermore, their models of the mutual
evolution of the gas and dust predicted a strong radial variation in the dust-to-gas mass ratio (see
their Figure 6) with heavily depleted dust densities in the outer disk (ζ ∼ 10−3 – 10−4) and a large
concentration within the trap (ζ ∼ 1). Both the ring-shaped surface density profile and radially
decreasing dust-to-gas ratio produced by their calculation were necessary features of the model we
derived for the V4046 Sgr disk.
Recent models that account for the expected substructure in these ring-like pressure traps sug-
gest that a modest variation in the gas density (peak-to-valley amplitude ratio of &1.5) can produce
strong azimuthal asymmetries in the dust distribution (Rega´ly et al. 2012; Birnstiel et al. 2013).
This phenomenon may be sufficient to qualitatively explain some observations of the “lopsided”
emission from some transition disks (e.g. Brown et al. 2009; Mayama et al. 2012; Casassus et al.
2013; van der Marel et al. 2013). As noted in §3, the western peak of the V4046 Sgr dust ring
appears slightly brighter than the eastern peak by ∼ 5mJybeam−1. We find that this subtle
asymmetry is apparent in the continuum visibilities as well, and therefore is not likely to be an
artifact of the imaging/deconvolution process. Figure 7 shows a cut of the imaginary component
of the complex visibilities binned along the v-axis in the Fourier plane (corresponding to the E-W
direction). For a symmetric morphology, the imaginary visibilities should be zero: however, we
find a statistically significant deviation in a sinusoid pattern. The asymmetry can be reproduced
reasonably well with a faint point source (∼8mJy) located ∼0.′′23 to the west of the disk center.
However, verification and characterization of this low-level apparent asymmetry beyond such a
simple model will require observations with higher resolution and sensitivity.
The ring-shaped dust disk and tentative asymmetry seem to be well-matched to predictions for
a large pressure trap generated by a companion interacting with the gas disk. However, the central
spectroscopic binary itself is too compact and circular to have dynamically truncated the disk at
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Fig. 7.— The complex visibilities of the 1.3mm emission binned along the v axis (black points)
with a model 8mJy point source (red) offset by ∆α = −0.′′23 from the disk center (red curve). The
inset shows the continuum image with 5σ contour levels and the model point source (red dot).
such a large radius: this scenario requires (at least) a third body. One constraint on the properties
of a putative companion comes from the dynamical mass estimate by Rosenfeld et al. (2012). Since
this method utilizes the Keplerian rotation pattern of the disk, it is sensitive to the cumulative mass
at the disk center: the spectroscopic binary plus any other companion(s). If the central binary and
disk are co-planar, Rosenfeld et al. (2012) showed that the disk-based dynamical mass estimate was
consistent with that inferred from spectroscopic monitoring of the stellar orbits (Stempels 2013).
Therefore, any additional companion must have a low mass: the 3σ uncertainties on the dynamical
mass estimate of Rosenfeld et al. (2012) require that Mcomp ≤ 0.3M⊙. A second, complementary
constraint can be made from the contribution of any companion to the near-infrared spectrum. The
composite stellar photosphere model adopted here accounts for 99, 95, and 85% of the observed
emission in the K, L′ and M bands, respectively (Jensen & Mathieu 1997; Hutchinson et al. 1990;
Skrutskie et al. 2006). If we attribute the remaining emission to a co-eval low-mass companion,
rather than the tenuous inner dust ring described in §4, pre-main sequence models (e.g. Baraffe et al.
1998) suggest that the spectrum requires Mcomp ≤ 0.2M⊙.
A third constraint on a potential companion was suggested by Donati et al. (2011), based
on their claim of a shift in the systemic velocity of the spectroscopic binary. They measured
Vsys = −5.7±0.2 km s−1 (in the heliocentric frame) at a mean epoch of 2009.7, which is significantly
different than the previous measurements of the binary (−6.94 ± 0.01 km s−1 at epoch 1985.5;
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Fig. 8.— Limits on a companion mass with regions ruled out by the dynamical mass estimate
(orange dots; Rosenfeld et al. 2012), infrared luminosities (solid blue; Jensen & Mathieu 1997;
Hutchinson et al. 1990; Skrutskie et al. 2006), and infrared aperture-masking observations (thick
rose lines; A. L. Kraus, private communication). The lower mass limit consistent with the reported
velocity shifts is also shown (gray line; Quast et al. 2000; Donati et al. 2011; Rodriguez et al. 2010).
The position and 2σ widths of the main and inner dust rings are marked by floating error bars.
Quast et al. 2000) and the gas disk (−6.26± .05 km s−1; Rodriguez et al. 2010). Assuming the total
mass determined by Rosenfeld et al. (2012) and co-planar orbits, we can derive a lower limit on the
companion mass as a function of semi-major axis (or orbital period) from these apparent velocity
shifts: Mcomp & 0.05M⊙(a/1AU)
1/2, where a is the semi-major axis. It should be noted that
these apparent velocity shifts are likely consistent with one another when considering the typical
systematic uncertainties in the velocity calibration between different instruments. A final, more
direct, constraint on the companion mass can be made from infrared aperture-masking observations
(A. L. Kraus; private communication). No companion is detected in those data, with a K-band
contrast limit of 6-7 magnitudes outside of 0.′′04 from the central binary. Assuming a co-eval
companion and the Baraffe et al. (1998) models, these data constrain Mcomp ≤ 0.07M⊙ for a >
2.9AU. Figure 8 summarizes these four constraints on Mcomp and a.
Given the results in Figure 8, it is clear that the mass of any companion must be low, making a
low-mass brown dwarf or massive giant planet likely candidates. The position of this hypothetical
planet from the observed ring is highly uncertain and with no conclusive evidence for reduced
densities in the cavity, our CO observations cannot help constrain Mcomp or a. However, sensitive
observations with high angular resolution may resolve structure in the inner gas disk (Casassus et al.
2013) or signatures of clearing in the high-velocity wings (Dutrey et al. 2008). An alternative way
of locating a companion is by looking at the small grains that filter past it and using this flow of
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small grains entrained in the gas to quantify the mass of the companion (Rice et al. 2006; Zhu et al.
2012). While the distribution of µm-sized dust particles in our model are closer to the central binary
than the inner working angle of the SEEDS survey (Tamura 2009, 0.′′1-0.′′15), the V4046 Sgr disk is
a natural candidate to test this scenario with scattered light observations (e.g. Dong et al. 2012).
A compelling potential alternative mechanism for shaping the distinctive structure of the
V4046 Sgr disk is photoevaporation (Hollenbach et al. 1994; Clarke et al. 2001; Alexander et al.
2006a,b; Owen et al. 2012) which can also create large pressure traps (Alexander & Armitage
2007). Strong photoionizing radiation from the central stars drive a wind off the disk surface,
and consequently can open a gap in the disk on ∼AU scales. V4046 Sgr has a large UV excess
(de la Reza et al. 1986; Hutchinson et al. 1990; Huenemoerder et al. 2007) and large X-ray lumi-
nosity (LX ∼ (7 − 10) × 1029 erg s−1, based on archival XMM data; see also Gu¨nther et al. 2006;
Argiroffi et al. 2012). According to recent models (Gorti & Hollenbach 2009; Gorti et al. 2009;
Owen et al. 2010, 2011), this high-energy emission should drive a photoevaporative wind. Indeed,
the presence of such a wind has been inferred via analysis of mid-infrared [Ne II] emission from
V4046 Sgr (Sacco et al. 2012). However, given the suite of models presented by Owen et al. (2011)
and the present accretion rate of V4046 Sgr (log M˙ = −9.3 ± 0.3M⊙ yr−1; Donati et al. 2011;
Curran et al. 2011), the X-ray luminosity is too low to explain the large cavity size inferred here.
However, X-ray photoevaporation (and perhaps even EUV/FUV photoevaporation) might find a
natural role in explaining the depletion of material inside the innermost dust ring (r . 3AU inferred
from the SED, see §4.2.1).
Perhaps the greatest mystery surrounding the V4046 Sgr disk is its existence: most theoretical
and observational work suggests that disk dispersal processes should substantially diminish the
observational signatures studied here well within the lifetime of this system and the few others like
it (Clarke et al. 2001; Alexander et al. 2006b; Takeuchi et al. 2005; Currie et al. 2007, 2009). The
modeling analysis conducted here unfortunately is unable to directly answer the question of why
this gas-rich disk persists even at an age of 10-20Myr. However, the inferred disk structure might
be providing some clues. It might be possible that the cavity was formed early in the disk lifetime,
stifling the viscous evolution process by severely limiting the gas accretion flow onto the central
stars, and thereby slowing the natural evolution of the disk material. Alternatively, Alexander
(2012) suggested that the tidal torque induced by a close binary on its disk may inhibit accretion
and increase the lifetime of the circumbinary disk compared to that of a disk around a single star.
Such scenarios are speculative: but it is interesting to note that most (if not all) of the known
long-lived, gas-rich disks have evidence for low-density cavities at their centers.
Overall, the signatures of evolution in the transition disk hosted by V4046 Sgr are remarkable,
suggesting that this target merits a focused effort moving forward with ALMA. Its close proximity
and large physical size enables high resolution and high sensitivity observations. Furthermore, the
stellar binarity aids the observations: it is too tight to affect the disk structure, but the high stellar
mass means that the widths of gas disk emission lines is large and so spectral line observations can
have good velocity resolution without sacrificing sensitivity. Observations are further aided by the
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fact that it is an isolated system unaffected by cloud contamination. With all of this in mind, V4046
Sgr promises to be an excellent laboratory for studying disk evolution and planet formation: its old
age means that evolutionary features are well-advanced, and its rich gas disk provides an excellent
target for both detection efforts and spatially resolved analysis. Lastly, the X-ray luminosity makes
V4046 Sgr a natural target for studying photoevaporation and its effects on disk evolution.
6. Summary
We have studied the structure of the V4046 Sgr circumbinary disk using high resolution, high
sensitivity mm-wave observations from the SMA. By modeling the SED, spatially resolved 1.3mm
dust continuum, and line emission of three CO isotopes, we have identified this disk as an exemplar
evolved protoplanetary disk. The key conclusions of our analysis are:
1. The CO gas disk is significantly more extended than the compact distribution of large grains.
In order to reproduce this feature we decouple the dust and gas surface density profiles,
reducing the dust-to-gas ratio in the outskirts of our disk model by a factor of 10. We
interpret this phenomenon as the result of the simultaneous growth and inward radial drift
of mm/cm-sized particles in a viscously evolving gas disk (Birnstiel et al. 2012a).
2. The V4046 Sgr disk features a large central cavity (r = 29AU) depleted of mm/cm-sized dust
grains. These grains are concentrated in a narrow ring (µ = 37AU, FWHM=16AU). There
is no conclusive evidence from the CO line emission whether there is an analogous depletion
in the gas disk. This distinctive morphology is consistent with simulations that feature large
pressure traps generated by the dynamical interaction of a massive companion with a gas
disk and the evolution of solid material (Pinilla et al. 2012a).
3. The cavity contains a significant population of µm-sized grains. We infer that this distribution
of small dust particles has a smaller central clearing that may be consistent with X-ray
photoevaporation (Owen et al. 2011), but is too large to be truncated by the central binary
(Artymowicz & Lubow 1994). This population might originate from small grains entrained
in the gas flowing past the pressure barrier that traps the mm/cm-sized grains in the large
ring (Rice et al. 2006).
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Table 1. Summary of Observations
UT date configuration antennas baselines ton ∆νcont τatm
[kλ] [min] [GHz] (225GHz)
2009 Feb 23 extended 8 17-132 110 3.4 0.05
2009 Apr 25 compact-N 6 6-84 220 3.4 0.06
2011 Mar 8 sub-compact 7 4-50 90 7.4 0.05
2011 Sep 4 very extended 8 19-390 180 7.4 0.04
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